Abstract-Abdominal aortic banding induces upregulation of the angiotensin II (Ang II) type-2 (AT 2 ) receptor, thereby decreasing the contractile response to Ang II in the thoracic aorta of the rat. The aim of this study was to use a mouse model to clarify the mechanisms by which the banding elicits upregulation of the aortic AT 2 receptor and the subsequent attenuation of Ang II responsiveness. Concomitantly with the elevation in blood pressure and plasma renin concentration after banding, AT 2 -receptor mRNA levels in the thoracic aorta rapidly increased in mice within 4 days. Upregulation of the AT 2 receptor, as well as blood pressure elevation after banding, was abolished by losartan administration. The contractile response to Ang II was depressed in aortic rings of banding mice but not of sham mice, and was restored by either the AT 2 -receptor antagonist PD123319 or the bradykinin B 2 -receptor antagonist icatibant. cGMP content in the thoracic aorta of banding mice was 9-fold greater than that of sham mice, and the elevation was reduced to sham levels 1 hour after intravenous injection of PD123319 or icatibant. When aortic rings were incubated with Ang II, cGMP content increased in banding rings but not in sham rings; the pretreatment with PD123319 or icatibant inhibited Ang II-induced cGMP production. These results suggest that aortic banding induces upregulation of the AT 2 receptor through increased circulating Ang II via the AT 1 receptor, thereby activating a vasodilatory pathway in vessels through the AT 2 receptor via the kinin/cGMP system. Key Words: receptors, angiotensin II Ⅲ bradykinin Ⅲ nitric oxide Ⅲ cyclic GMP Ⅲ vasodilation A ngiotensin II (Ang II) is a vasoactive peptide that regulates blood pressure and fluid homeostasis, and is likely to play a key role in the pathogenesis of cardiovascular diseases in humans. 1 Ang II exerts its various actions through 2 receptor subtypes, type-1 (AT 1 ) and type-2 (AT 2 ). 1 Disruption of the AT 2 -receptor gene in the mouse increases basal blood pressure and induces pressure responsiveness to Ang II. 2, 3 In contrast, overexpression of the AT 2 -receptor gene in vascular smooth muscle cells results in a depressed pressureresponse to Ang II because of the activation of the nitric oxide (NO)-cGMP system via the AT 2 -receptor-mediated vascular kallikrein-kinin system in mice. 4 In spontaneously hypertensive rats, administration of AT 2 -receptor agonists induces a depressor response during simultaneous AT 1 -receptor blockade. 5 In normotensive rats, stimulation of AT 2 receptors causes vasodilation via the local production of bradykinin in resistant arteries of the rat mesentery in a flow-dependent manner. 6 These observations suggest that the AT 2 receptor acts as a vasodilator pathway counterregulatory to AT 1 -receptor-mediated vasoconstriction under normotensive and hypertensive conditions.
A ngiotensin II (Ang II) is a vasoactive peptide that regulates blood pressure and fluid homeostasis, and is likely to play a key role in the pathogenesis of cardiovascular diseases in humans. 1 Ang II exerts its various actions through 2 receptor subtypes, type-1 (AT 1 ) and type-2 (AT 2 ). 1 Disruption of the AT 2 -receptor gene in the mouse increases basal blood pressure and induces pressure responsiveness to Ang II. 2, 3 In contrast, overexpression of the AT 2 -receptor gene in vascular smooth muscle cells results in a depressed pressureresponse to Ang II because of the activation of the nitric oxide (NO)-cGMP system via the AT 2 -receptor-mediated vascular kallikrein-kinin system in mice. 4 In spontaneously hypertensive rats, administration of AT 2 -receptor agonists induces a depressor response during simultaneous AT 1 -receptor blockade. 5 In normotensive rats, stimulation of AT 2 receptors causes vasodilation via the local production of bradykinin in resistant arteries of the rat mesentery in a flow-dependent manner. 6 These observations suggest that the AT 2 receptor acts as a vasodilator pathway counterregulatory to AT 1 -receptor-mediated vasoconstriction under normotensive and hypertensive conditions.
The AT 1 receptor is the predominant receptor subtype in the adult vasculature, whereas the AT 2 receptor is predominant during fetal development and declines after birth. 7, 8 Several studies showed that the AT 2 receptor is upregulated in cardiovascular tissues under pathological conditions such as myocardial infarction, heart failure, hypertension, and vascular injury. 9 However, it is unknown whether increased numbers of AT 2 receptors function as a counterbalance to the AT 1 -mediated actions of Ang II under these pathological conditions.
Recently, we showed in the rat that AT 2 -receptor mRNA levels increase in the pressure-overloaded thoracic aorta after abdominal aortic banding. 10 Because losartan administration abolishes banding-induced upregulation of the AT 2 receptor, it was suggested that Ang II enhances the expression of the AT 2 -receptor gene via AT 1 -receptor activation. Furthermore, the contractile response to Ang II in the pressure-overloaded thoracic aorta exhibits AT 2 -receptor-dependent attenuation. 10 However, it is unconfirmed that the kinin/cGMP system contributes to the signaling cascade of the AT 2 receptor in the rat aorta, because of a documented reduction in bradykinin-induced vasodilation responsiveness in the rat aorta. 10, 11 The aim of the present study was to confirm the previous findings that the AT 2 receptor is upregulated in the pressureoverloaded aortas via the AT 1 -receptor-mediated action of Ang II and to determine whether the action of Ang II via the AT 2 receptor is mediated by the kinin/NO/cGMP system. Therefore, we used a mouse model of the aortic banding, because the mouse aorta exhibits a sensitive relaxation response to bradykinin.
Methods

Abdominal Aortic Banding and Blood Pressure Measurement
All animal experiments were performed according to the guidelines of the Kobe Gakuin University Experimental Animal Care and Use Committee. Aortic banding was performed in male 8-week-old ICR mice (Japan SLC, Hamamatsu, Japan) by constricting the abdominal aorta between the renal arteries just below the renal bifurcations as previously described. 10, 12 Systolic blood pressure was measured as reported in the expanded Methods section available online at http://www.hypertensionaha.org.
Assay of Plasma Renin Concentration
The plasma renin concentration was measured by radioimmunoassay of Ang I liberated in the presence of plasma from bilaterally nephrectomized rats as previously described. 13 Detection of AT 1 -, AT 2 -, and Bradykinin B 2 -Receptor mRNAs by Reverse Transcription-Polymerase Chain Reaction Animals were euthanized under ether anesthesia 2, 4, 7, or 28 days after aortic banding. Age-matched, sham-operated mice were also euthanized as controls. To detect AT 1 -, AT 2 -, and bradykinin B 2 -receptor mRNA, we used reverse transcription-polymerase chain reaction (RT-PCR) with the specific primers, followed by Southern blotting as previously described. 14 For semi-quantitative analysis of the AT 2 -receptor mRNA, the densities of the blots were normalized with GADPH mRNA blots. Expanded details are available online at http://www.hypertensionaha.org.
Contractile Response of Aortic Rings to Ang II
Mice were euthanized by bleeding from the carotid arteries under ether anesthesia 4 days after aortic banding. The thoracic aorta was excised and cut into 3-mm rings as previously described. 10 After equilibration, Ang II was cumulatively added and the isometric tention change of aortic ring was measured as reported in the online data supplement available online at http://www.hypertensionaha.org.
Aortic cGMP Content In Vivo and In Vitro
cGMP content was measured in the thoracic aorta 4 days after sham-operation and aortic banding by radioimmunoassay as previously described. 10 To examine the in vivo effects of losartan (20 mg/kg), PD123319 (10 mg/kg), and icatibant (0.5 mg/kg), these drugs were injected into the tail-vein 1 hour before excision of the aorta. To determine the in vitro effects of Ang II, aortic rings prepared from the thoracic aorta 4 days after operation were equilibrated under a resting tension of 0.7 g for 1 hour, then incubated with isobutylmethylxanthine (IBMX, 50 mol/L, SigmaAldrich, St. Louis, Mo) for 30 minutes. The rings were treated with Ang II (1 mol/L) for 3 minutes, and then subjected to the assay for cGMP. Losartan, PD123319, or icatibant at the concentration of 1 mol/L was added to the organ bath 10 minutes before, and L-NAME (0.1 mmol/L) 30 minutes before Ang II challenge.
Statistical Analysis
All data were expressed as the meanϮSEM. Statistical comparisons of plasma renin concentration, blood pressure, AT 2 -receptor mRNA levels, and cGMP content under various treatments were performed using a 1-way ANOVA with pairwise comparison by the BonferroniDunn method. A comparison of the concentration-response curves of Ang II was performed by repeatedly measuring the analysis of variance followed by the Bonferroni-Dunn method. Differences were considered significant for PϽ0.05.
Results
Changes in Blood Pressure and Plasma Renin Concentration After the Abdominal Aortic Banding
The systolic blood pressure at the carotid artery was significantly elevated in banding mice (129Ϯ5 mm Hg, nϭ10) as compared with sham-operated mice (106Ϯ2 mm Hg, nϭ4) by day 4, and the elevated blood pressure returned to sham levels by day 28 ( Figure I ; http://www.hypertensionaha.org). Intraperitoneal injection of losartan potassium (1 mg/kg, once a day) or nicardipine hydrochloride (2 mg/kg, twice a day) for 4 days after banding blocked the banding-induced hypertension ( Figure I ). The plasma renin concentration rapidly increased within 2 days after the aortic banding, peaked by day 4, then returned to the levels of sham animals by day 28 ( Figure II ; http://www.hypertensionaha.org). The administration of nicardipine did not affect the elevation of plasma renin concentration 4 days after banding (data not shown).
Increased Expression of AT 2 -Receptor mRNA in the Thoracic Aorta After the Abdominal Aortic Banding
The mRNA levels of AT 1 , AT 2 , and bradykinin B 2 receptors were determined by RT-PCR followed by Southern blotting in the thoracic aorta of sham-operated and banding mice. As shown by representative blots in Figure 1 , there were no changes in AT 1 -and B 2 -receptor mRNA levels in shamoperated or banding mice, whereas the level of AT 2 -receptor mRNA was elevated 2, 4, and 7 days after banding, then returned to sham levels by day 28.
The administration of losartan but not of nicardipine for 4 days after banding completely inhibited the banding-induced upregulation of AT 2 -receptor mRNA ( Figure 2 ).
Elevation of cGMP in the Thoracic Aorta After the Abdominal Aortic Banding
To evaluate whether elevated expression of the AT 2 receptor in the pressure-overloaded aorta influences aortic cGMP production, cGMP content was assayed in the thoracic aortas excised 4 days after sham-operation and banding. As shown in Figure 3 , the content in banding mice was 9-fold greater than that in sham mice (20.14Ϯ3.89 fmol/mg protein in 4 banding-mice versus 2.45Ϯ0.51 fmol/mg protein in 4 shammice; PϽ0.001). Elevated cGMP in the aorta of banding mice declined to sham levels 1 hour after intravenous injection of the AT 2 -receptor antagonist PD123319 (10 mg/kg, 1.41Ϯ0.32 fmol/mg protein in 5 PD123319-treated banding mice; PϽ0.0001 versus saline-treated banding mice), but not after injection of losartan potassium (20 mg/kg). The bradykinin B 2 -receptor antagonist icatibant (0.5 mg/kg, IV) also reduced aortic cGMP content in banding animals to sham levels (1.75Ϯ0.20 fmol/mg protein in 4 icatibant-treated banding mice; PϽ0.0001 versus saline-treated banding mice). Neither PD123319 nor icatibant administration affected the aortic cGMP content in sham animals ( Figure 3 ).
To elucidate the mechanisms responsible for the elevation of aortic cGMP content in banding mice, the thoracic aortas excised 4 days after banding were cut into rings and incubated with the phosphodiesterase inhibitor IBMX for 30 minutes in an organ bath. As shown in Figure 4 
Reduced Contractile Response to Ang II in Ring Preparations of the Thoracic Aorta After the Abdominal Aortic Banding
The contractile response to cumulative doses of Ang II was studied in aortic rings prepared from the thoracic aorta of sham-operated and banding mice 4 days after the operation. As shown in Figure 5A , Ang II-evoked contractility was significantly attenuated in banding rings at higher Ang II concentrations, such as 0.1 to 1 mol/L, compared with sham rings. The addition of PD123319 (1 mol/L) into the organ bath increased the contractile response to Ang II in banding rings to those levels observed in sham rings, while not affecting the Ang II responsiveness in sham rings ( Figure  5B ). Icatibant (1 mol/L) also significantly augmented the contractile response to Ang II in banding rings comparable to levels found in sham rings, while not affecting Ang IIresponsiveness in sham rings ( Figure 5C ). Pretreatment with L-NAME for 30 minutes augmented the response to Ang II in sham and banding rings, and no significant difference in the Ang II responsiveness was observed between these L-NAME-pretreated rings ( Figure 5D ).
In contrast to aortic rings excised 4 days after banding, the contractile response to Ang II in aortic rings excised 28 days after banding was not significantly different from that seen in sham-operated mice (data not shown).
Discussion
After the abdominal aortic banding, the thoracic aorta is exposed to pressure-overload as a result of two potential mechanisms: mechanical obstruction by banding, and a vasopressor effect because of increased secretion of renin from the kidney. In the present study, we observed that systolic blood pressure at the carotid artery became elevated within 4 days after banding, then returned to levels found in shamoperated mice by day 28. The blood pressure elevation seemed to depend on the increase in circulating Ang II, because the plasma renin concentration coincidentally increased with blood pressure elevation, and the administration of losartan blocked the hypertensive response after aortic banding.
In parallel with the blood pressure elevation, the level of AT 2 -receptor mRNA in the thoracic aorta, but not that of AT 1 and B 2 receptors, was elevated after banding. The bandinginduced elevation in blood pressure was blocked by the administration of losartan or nicardipine, whereas the increase in AT 2 -receptor mRNA was inhibited by losartan but not nicardipine. Thus, the banding-induced upregulation of the AT 2 receptor seems to be mediated by Ang II through the AT 1 -receptor activation, but not by an increased mechanical load on the aorta. These results are comparable to the previous observations in the rat. 10 Recent studies showed that the AT 2 -receptor-dependent vasodilator response to Ang II is mediated by the kinin/NOdependent mechanisms in various vessels. 4, [15] [16] [17] [18] [19] In the present study, we observed that the basal cGMP level was elevated in the thoracic aorta 4 days after banding. Because elevated cGMP content in the aortas was reduced to sham levels in vivo by the administration of PD123319, the upregulation of the AT 2 receptor in the aorta may be associated with enhanced cGMP production. In addition, the finding that the administration of icatibant abolished the elevation of cGMP in the thoracic aortas suggests the involvement of bradykinin in AT 2 -receptor-dependent cGMP production. In contrast, the basal level of cGMP in the aorta of transgenic mice which overexpressed the AT 2 receptor is not different from that of wild-type mice. 4 Increased plasma renin concentration in banding mice but not in transgenic mice accounts for the In vitro effects of Ang II, losartan, PD123319, icatibant, and L-NAME on cGMP contents in aortic rings from mice 4 days after sham-operation and aortic banding. Aortic rings prepared from thoracic aortas 4 days after sham-operation and aortic banding were equilibrated for 1 hour in an organ bath. They were then incubated with IBMX (50 mol/L) for 30 minutes and stimulated with Ang II (1 mol/L) for 3 minutes. Losartan, PD123319, or icatibant was added to the organ bath at the concentration of 1 mol/L 10 minutes before, and L-NAME (0.1 mmol/L) 30 minutes before Ang II challenge. Before Ang II challenge (groups of nontreated, PD123319 alone, and L-NAME alone) and after, aortic rings were subjected to cGMP extraction. Values are meanϮSEM, nϭ4 in each group. *PϽ0.0001 vs nontreated sham; **PϽ0.0001 vs nontreated banding; #PϽ0.0001 vs Ang II-treated banding.
difference in the basal aortic cGMP levels between these two experimental models: increased levels of circulating Ang II in banding mice but not transgenic mice may probably contribute to increased basal levels of aortic cGMP in banding mice through activation of the AT 2 -receptor.
To explore the mechanisms underlying the above observations, we measured the cGMP content of aortic rings incubated with IBMX in an organ bath. The basal cGMP content in banding rings incubated without Ang II was 10-fold higher than that in sham rings and was depressed by L-NAME treatment. Because PD123319 was unable to influence the basal cGMP content of banding rings, it seems unlikely that the endogenous Ang II generated in banding rings is involved in the enhanced production of basal cGMP via AT 2 receptors. These observations suggest that the enhanced generation of NO is sustained in vitro by the AT 2 -receptor-independent mechanisms and thereby inducing increased production of cGMP in banding rings. However, a recent study that elucidated the mechanism of ligand-independent signaling via the AT 2 receptor 20 does not preclude the potential contribution of the upregulated AT 2 receptor to the enhancement of NO generation in banding rings. An alternative possibility is that NO synthase is upregulated in the pressure-overloaded aorta, as observed in the pressure-overloaded aorta of banding rats. 21, 22 The addition of Ang II to the organ bath stimulated cGMP production in banding rings but not in sham rings. Ang II-dependent cGMP production was completely inhibited by PD123319 and icatibant, which suggests mediation occurred by AT 2 and B 2 receptors. These findings are compatible with in vivo observations that the administration of these antagonists reduced cGMP content in the thoracic aorta of banding mice but not sham mice. In addition, Ang II was unable to stimulate cGMP production in L-NAME-pretreated bandingrings, suggesting that basal and Ang II-induced production of cGMP in banding rings entirely depends on the NO generation during incubation. Thus, Ang II likely stimulates cGMP production in banding rings through the kinin/NO system via activation of the AT 2 receptor.
The contractile response to Ang II was attenuated in aortic rings from banding mice compared with that of shamoperated mice. Because this depressed response to Ang II was restored to the level found in sham rings by an in vitro treatment with PD123319 or icatibant, it is likely that stimulation of the AT 2 receptor by Ang II in aortic rings results in the attenuation of the AT 1 -receptor-mediated contractile response through the activation of the B 2 -receptor. Furthermore, after the inhibition of NO synthesis by L-NAME treatment, there was no significant difference in the Ang II responsiveness between sham and banding rings, suggesting that NO plays a role in the AT 2 -receptor-mediated attenuation of contractile response to Ang II. Although a similar attenuation of Ang II responsiveness was observed in the aortic rings of banding rats, icatibant failed to restore Ang II responsiveness. 10 The sensitive relaxation response to exogenous bradykinin observed in the thoracic aorta of the mouse which was not observed in the rat accounts for the difference in icatibant effect between these species.
Together, we have provided evidence that the bandinginduced elevation of plasma renin concentration is associated with upregulation of the AT 2 receptor in the pressureoverloaded aorta via activation of the AT 1 receptor by elevated circulating levels of Ang II. Stimulation of this increased number of AT 2 receptors in the aorta by Ang II probably induces the generation of kinins. This in turn stimulates NO synthesis in the endothelium via the bradykinin B 2 -receptors, thereby enhancing cGMP production in the aorta. Through these mechanisms, the contractile response to Ang II is attenuated in the thoracic aorta after the abdominal aortic banding. This evidence supports the hypothesis that the AT 2 receptor acts as part of a vasodilatory pathway in the vasculature through the kinin/NO/cGMP system.
Perspectives
Our results suggest that AT 2 -receptor expression is upregulated by Ang II via activation of the AT 1 -receptor to blunt the AT 1 -receptor-mediated vasoconstriction. Although this explanation accounts for the regulation of vascular tone by Ang II, further studies under conditions of enhanced renin-angiotensin system, such as by salt depletion or renovascular hypertension, are required to confirm this hypothesis. This issue is important because the antihypertensive effect of AT 1 -receptor blockers is, at least in part, dependent on AT 2 -receptor activation.
1
Blood pressure measurement
To assess the blood pressure elevation in the thoracic aorta after banding, systolic blood pressure was measured at the carotid artery using a PE-10 polyethylene catheter under anesthesia (pentobarbital sodium 50 mg/kg, intraperitoneally). Pulse wave forms were monitored by a polygraph system (Nihon Kohden, Tokyo, Japan). The effects of losartan and nicardipine on banding-induced blood pressure elevation were determined by the intraperitoneal injection of losartan potassium (Merck, Whitehouse Station, NJ; 1 mg/kg, once a day) or nicardipine hydrochloride (Wako Chemicals, Osaka, Japan; 2 mg/kg, twice a day) for 4 days after the sham operation or banding. The systolic blood pressure was then measured at the carotid arteries 24 hours after the last drug injection.
Detection of AT 1 -, AT 2 -, and bradykinin B 2 -receptor mRNAs by reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from the aorta using acid guanidium thiocyanate-phenol-chloroform as previously described. 
